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SIMULATION OF GROUND-WATER FLOW IN THE LOWER SAND UNIT OF THE

POTOMAC—-RARITAN-MAGOTHY AQUIFER SYSTEM, PHILADELPHIA, PENNSYLVANIA

By Ronald A. Sloto

ABSTRACT

Ground-water flow in the lower sand unit of the Potomac—-Raritan-Magothy
aquifer system in Philadelphia was simulated with a two-dimensional finite-
difference ground-water model. The modeled 133-square-mile area also includes
parts of Delaware County, Pennsylvania, and Camden and Gloucester Counties,
New Jersey. The lower sand unit is Cretaceous in age and consists of well-
sorted coarse sand and fine gravel that grades upward into medium to fine
sand containing a few thin beds of clay. The modeled aquifer consists of the
lower sand unit in Philadelphia and the lowermost sand unit of the
Potomac—Raritan-Magothy aquifer system in New Jersey. Throughout most of the
area, the lower sand unit is overlain by a clay confining unit. Where the
clay is abseat, the lower sand unit is unconfined. A hydraulic conductivity
of 1.6 x 10-3 foot per second and a storage coefficient of 3.0 x 104 was
assigned to the lower sand unit based on 15 aquifer tests, and a hydraulic
conductivity of 4.0 x 10-8 foot per second was assigned to the upper confining
unit based on transient-flow sensitivity analysis. Water levels were not sen-
sitive to changes in the value for specific storage of the upper confining
unit, indicating that most vertical leakage occurs as steady leakage. Changes
in the potentiometric surface of the lower sand unit for 1904-78 were sim-
ulated. Differences between simulated and observed head generally were less
than 10 feet.

Simulations were made to determine the effects on hydraulic head of
increases in industrial pumpage of 5 and 10 Mgal/d (million gallons per day)
and of an emergency 60 Mgal/d municipal water supply in Philadelphia. A 5- and
10-Mgal/d increase in industrial pumpage would lower heads in the lower sand
unit by as much as 33 and 66 feet, respectively. Pumping 60 Mgal/d for 30
days for an emergency municipal supply would lower heads in the lower sand
unit by as much as 121 feet.

INTRODUCTION

Purpose and Scope

This report presents the results of a study to simulate ground-water flow
in the lower sand unit of the Potomac-Raritan-Magothy aquifer system in the
Philadelphia area using a digital model and to evaluate the effects of poten-—
tial future ground-water withdrawals on hydraulic heads in the lower sand unit
in south Philadelphia. The modeled area includes parts of New Jersey where
ground-water withdrawals have affected water levels in south Philadelphia.
This report discusses the hydrogeology of the Philadelphia area and describes
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the construction and calibration of the model used to simulate ground-water

flow in the lower sand unit of the Potomac-Raritan-Magothy aquifer system. It
describes the effects of different pumping strategies on heads in the
Philadelphia area.

Location and Physiography

The 133 mi2 (square mile) modeled area includes the southern part of the
City of Philadelphia, a small part of Delaware County, Pennsylvania, and parts
of Camden and Gloucester Counties, New Jersey (fig. 1). The modeled area is
in the Coastal Plain physiographic province, which is underlain by uncon-
solidated sediments of Cretaceous to Holocene age. The land surface has a
relatively flat slope, with altitudes ranging from O to 140 feet above sea
level.

The area is drained by the Delaware River and its tributaries. The
Delaware River is tidal in the modeled area. The Schuylkill River is the
principal tributary to the Delaware and is confluent to the Delaware River at
south Philadelphia (fig. 2).

The annual normal precipitation at the Philadelphia International
Airport (1951-80) was 39.93 inches. The average monthly temperature (1951-80)
was 54.7°F and (12.6°C) and ranged from 32.4°F (0.2°C) in January to 76.8°F
(24.9°C) in July.

The Philadelphia area is densely populated and, in some areas, is exten-
sively industrialized. The 1980 population of Philadelphia was 1.7 million,
with a density of 12,600 persons per mi2, The area modeled in south
Philadelphia includes areas of dense urban development, an industrialized area
bordering the Delaware and lower Schuylkill Rivers, and the U.S. Naval Base at
Philadelphia.

Previous Investigations

The water resources of the Philadelphia area were first described by
Bascom (1904). Hall (1934) described general ground-water conditions in a
report on the ground-water resources of southeastern Pennsylvania. Graham and
Kammerer (1952) discussed the ground-water resources of the U,S. Naval Base at
Philadelphia. Greenman and others (1961) published a comprehensive report on
the geology and ground-water resources of the Coastal Plain of southeastern
Pennsylvania. Paulachok and Wood (1984) presented a water—table map of
Philadelphia. Hydrologic data for aquifers in Philadelphia are given by
Paulachok, Wood, and Norton (1984).

In New Jersey, the geology and ground-water resources of Gloucester
County were described by Hardt and Hilton (1969). Farlekas and others (1976)
described the geology and ground-water resources of Camden County. Gill and
Farlekas (1976) presented geohydrologic maps of the Potomac-Raritan-Magothy
aquifer system.

Barksdale and others (1958) described the ground-water resources of the
tristate region adjacent to the lower Delaware River. The water resources of
the Delaware River basin were summarized by Parker and others (1964).
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Luzier (1980) modeled the Potomac-Raritan-Magothy aquifer system in the
Coastal Plain of New Jersey. This model was used by Harbaugh and others

(1980) to evaluate the effects of supplementing ground water with water from
the Delaware River.

HYDROGEOLOGY

The generalized stratigraphic section of the Coastal Plain in
Philadelphia and the names of the hydrogeologic units used in this report and
those of Greenman and others (1961, table 4) are given in table 1. Greenman
and others (1961, p. 29) adopted the stratigraphic nomenclature of Barksdale
and others (1943, p. 66) for beds of the Raritan Formation in northern New
Jersey. However, this nomenclature is not accepted for the sediments in
Philadelphia because these beds cannot be traced to the Delaware Valley.
Although the nomenclature of Greenman and others (1961) is not used here, the
descriptions of the sediments in each hydrogeologic unit are used.

Table l.-——Generalized stratigraphic section of the Coastal Plain of

Philadelphia
SYSTEM SERIES HYDROGEOLOGIC UNIT
GREENMAN AND OTHERS
THIS REPORT (1961)
QUATERNARY HOLOCENE ALLUVIUM ALLUVIUM
PLEISTOCENE | TRENTON GRAVEL CAPE MAY FORMATION
(INFORMAL USAGE) PENSAUKEN FORMATION
7
TERTIARY MIOCENE BRIDGETON FORMATION //,/
Y
UPPER CLAY UNIT |  MAGOTHY FORMATION
CRETACEOUS UPPER UPPER CLAY MEMBER
CRETACEOUS | X
[
% | UPPER SAND UNIT OLD BRIDGE SAND
e MEMBER
-
[ ]
=3
2 =
Q | MIDDLE CLAY UNIT | O | MIDDLE CLAY MEMBER
o
<
x =
5 | MIDDLE SAND UNIT | & | SAYREVILLE SAND
o = MEMBER
< =
x <
= =}
= | LowER cLAY UNIT % | LOWER CLAY MEMBER
- -
2
O | LOWER SAND UNIT FARRINGTON SAND
5 MEMBER
e
o
LOWER & ZZ%V
CRETACEOUS /
Y
PRE-CRETACEOUS CRYSTALLINE ROCKS,
CRYSTALLINE ROCKS | GLENARM SERIES




Pre~Cretaceous Rocks

The basement rocks beneath the Coastal Plain are pre-Cretaceous mica and
hornblende schists and gneisses, chiefly the Wissahickon Formation. These
rocks crop out in the Piedmont physiographic province northwest of the Fall
Line (fig. 3). The surface of the bedrock dips about 90 feet per mile
southeast towards the Atlantic Ocean. The altitude of the bedrock surface in
the modeled area is shown on figure 4. The contours were based on Greenman
and others (1961, plate 5), geologic and geophysical log data from recently
completed wells and borings in Pennsylvania, and hydrogeologic data from New
Jersey (Zapecza, 0. S., U.S. Geological Survey, written commun., 1981 and
1982).

A residual clay marks the buried upper surface of the crystalline rocks.
This clay, formed by the weathering of the crystalline rock, is a few feet to
tens of feet thick where present. It is a confining unit where it underlies
the unconsolidated sediments. Where the clay is present, water levels in the
crystalline rocks commonly differ from those in the overlying unconsolidated
sediments. Where the clay is absent, water levels in the crystalline rock and

the unconsolidated sediments are about the same (Greenman and others, 1961, p.

75°15° 750

EXPLANATION
/N
et
//PENNSYLVANIA

< \\/\/ , %

Qutcrop area of
Potomac-Raritan-Magothy
aquifer system

ol 0 5 MILES
40

0 5 KILOMETERS

Figure 3.--Outcrop of the
Potomac-Raritan-Magothy
aquifer system.

(From Gill and Farlekas, 1976).

39045’ i \ -




5 : 2 0.
V4 L d - / <
DELAWARE, _ ,th‘r = E\\ s A0
i 7/ - - - -~ * - D
CO/,A/ > ?\,\\\,A {L"fHIA Co Ny,
Ve g R = y -=="1%.
/&5 S e - s:-\_::
PHILADELPHIA 4 - -
F = TOONTY= =) N e =
""‘---s [2) PH'LAD -
SN, @ ‘ L m

\$§--‘\ N
\ ~~

e

N\
DELAWARE ) @
- B ~ \
C Y s ['\ \ { - "200[—"* -
> - -y .

- TR R e e aw w= o

T —-250 } * 300
i/ ’/’
ul - --\- - - - - o
// -350 - !“ @ ”d’ _ ’Aoo - «(g

t , 2
\f\ ‘ —.——‘ -
- T e - ’/—400 T == S = Z ) -450/
B / '
‘450~\_ . -500

)
—— y -550
- =500 = = = — 9 P J
- 6COUCESTER COUNTYT == —=~- < &, L
-~ ) G\
-, r V uan
e’

-’ ) igg@gmeomw NEW JERS
7T 50— == ‘ JARN
S © %
S 0 1 2 3 4 MILES A %
«\ : L] A L] l. L] A L J 1) 4 e:%
O 0 1 2 3 4 5 6 KILOMETERS “

EXPLANATION

-150 BEDROCK CONTOUR--
shows altitude of top of bedrock
surface. Dashed where approxi-
mately located. Contour interval
50 feet. Datum is sea level.

Figure 4.-- Generalized configuration of the bedrock surface beneath the
Coastal Plain sediments.



Cretaceous Sediments

Cretaceous sediments unconformably overlie the crystalline rocks
southeast of the Fall Line. These sediments dip from 40 to 80 feet per mile
toward the southeast, forming a wedge that thickens toward the Atlantic Ocean.
These sediments are regionally known as the Potomac-Raritan-Magothy aquifer
system and consist of highly-permeable beds of sand and gravel separated by
less—permeable layers of clay and silt. The sediments were deposited in a
complex fluvial-deltaic environment (Owens and others, 1968) and are con-
sidered to be chiefly nonmarine in the Delaware Valley. In the Philadelphia
area, the Potomac-Raritan-Magothy aquifer system has been divided into six
informal units: 1lower sand, lower clay, middle sand, middle clay, upper sand,
and upper clay (table 1). Detailed descriptions and geologic logs are given
by Greenman and others (1961) and are summarized below with the stratigraphic
nomenclature used in this study.

The lower sand unit (Farrington sand member of Greenman and others, 1961,
p. 30-31) is the lowermost unit of the Potomac-Raritan-Magothy aquifer system
in Philadelphia. The lower sand unit is the lower part of the Raritan
Formation, but may include some Potomac Group sediments. Palynologic data
indicate that Potomac Group sediments are present in Camden, New Jersey (Wolfe
and Pakister, 1971, p. B38). The lower sand unit consists of fairly well-
sorted coarse sand and fine gravel that grades upward into fine- to medium-
grained sand containing a few thin beds of clay. The thickness of the lower
sand unit ranges from less than 1 foot at the Fall Line to approximately 90
feet where it fills channels carved into the bedrock by the ancestoral
Delaware and Schuylkill Rivers. However, the lower sand unit rarely exceeds
60 feet in thickness in Pennsylvania. Throughout most of its area of
occurrence, the lower sand unit is overlain by a confining layer of either the
lower clay unit, the middle clay unit, or both. Near the Fall Line, these
confining clays are absent and the lower sand is directly overlain by the
upper sand unit or Tertiary and Quaternary deposits and becomes part of the
water~table—aquifer system.

The lower clay unit (lower clay member of Greenman and others, 1961, p.
37-38) consists of a tough clay containing beds of softer clay and thin lenses
of fine-grained sand. The lower clay unconformably overlies the lower sand
unit. It generally is from 20 to 40 feet thick but can be up to 60 feet thick
in places.

The middle sand unit (Sayreville sand member of Greenman and others,
1961, p. 38-40) fills shallow channels in the lower clay unit and is not
areally extensive in Philadelphia. The middle sand unit 1is present as valley
fi111 deposited by shifting currents in lens—shaped masses separated by narrow
bedrock divides. This unit consists of a sequence of very fine- to coarse-
grained sand beds and a few thin beds of clay. The maximum thickness of the
middle sand unit exceeds 40 feet but commonly is less than 20 feet.

The middle clay unit (middle clay member of Greenman and others, 1961,
pe. 40-41) is the most extensive clay of the Potomac—Raritan-Magothy aquifer
system in Philadelphia. It consists of a tough clay with a uniformly massive
texture and contains relatively little sandy material. It commonly exceeds 20
feet in thickness and may be up to 60 feet thick locally. Because the middle
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clay unit lies directly upon the lower clay unit in much of the Philadelphia
area, it is difficult to differentiate the two units.

The upper sand unit (0ld Bridge sand member of Greenman and others,
1961, p. 42-43) unconformably overlies the middle clay unit and consists of
medium to coarse sand, gravel, and lenses of clay. Gravel beds are common,
especially at the base. The upper sand unit is up to 50 feet thick but
usually does not exceed 35 feet in thickness. In much of Philadelphia, the
upper sand unit is part of the water—table—aquifer system.

The upper clay unit (upper clay member of Greenman and others, 1961, p.
43) is locally present in Philadelphia; where present, it overlies and con-
fines the upper sand unit. This unit consists of a sequence of sandy, car-
bonaceous, and massive clays with a maximum thickness of 35 feet.

In Camden County, New Jersey, the Potomac-Raritan—-Magothy aquifer system
has been divided into three hydrogeologic units by Farlekas and others (1976,
pe 22). The lower and middle units include the sands of the Potomac Group and
the Raritan Formation. The upper unit consists mainly of the sands of the
Magothy Formation. In the modeled area of Camden County, the thickness of the
Potomac~-Raritan-Magothy sediments ranges from 260 feet in the outcrop area to
about 500 feet downdip (Farlekas and others, 1976, p. 16-18).

The lower aquifer consists of undifferentiated silt, clay, and sand of
the Potomac Group and Raritan Formation. It is up to 120 feet thick, and is
underlain by pre-Cretaceous basement rocks that form a lower confining unit.
The middle aquifer counsists of silt, clay, and sand of the Raritan Formation
and ranges from 18 to 170 feet in thickness in the modeled area (Farlekas and
others, 1976, p. 24-25). The upper aquifer consists mainly of alternating
bands of dark clay and light sand of the Magothy Formation. The clays are,
for the most part, distinctly laminated and commonly lignitic (Bascom and
others, 1909, p. 86). The upper aquifer ranges from 57 to 170 feet in
thickness in the modeled area. In the outcrop area, it is overlain by
Pleistocene deposits and 1s part of the water—table—aquifer system (Farlekas
and others, 1976, p. 22). Downdip, the upper aquifer is overlain by the
Merchantville-Woodbury confining layer (Luzier, 1980, p. 5).

In Gloucester County, New Jersey, the Raritan and Magothy Formations can
not be differentiated except locally because of similar lithology. The
Raritan Formation is composed of clay, quartzose sand, and gravel. The
Magothy Formation consists of beds of clay, commonly lignitic, alternating
with micaceous fine sand. Hardt and Hilton (1969, p. 10-11) identify two
water—bearing zounes in the outcrop area. The upper zone is usually confined
and is composed of all of the water—~bearing beds in the upper 120 feet of the
Raritan and Magothy Formations. The lower zone 1is confined everywhere it is
present and consists of the water-bearing beds in the lower 200 feet of the
formations. The upper and lower aquifers are separated by clay beds in the
outcrop area, but their identification downdip is uncertain.



Post—-Cretaceous Sediments

Deposits of Tertiary and Quaternary age unconformably overlie and com-—
pletely cover the Cretaceous sediments. These terrace and valley-fill depos-—
its consist of clay, silt, sand, and gravel. 1In Philadelphia, their maximum
thickness is about 80 feet and the typical thickness is about 40 feet
(Greenman and others, 1961, p. 44). These deposits form an extensive water-
table aquifer. The post—Cretaceous deposits consist of the Bridgeton
Formation, the "Trenton gravel," and Holocene sediments. The Cape May
Formation, used by Greenman and others (1961, table 4), is now largely applied
to the marine beds that crop out only in the lower Delaware River valley near
the coast (Owens and Minard, 1979, p. D6). The Cape May Formation is not
present at Philadelphia.

The Bridgeton Formation (Illinoian deposits of Greenman and others, 1961,
p. 24) is a feldspathic quartz sand with local beds of fine gravel that crops
out in a 3-mile-wide band northwest of the Fall Line (Owens and Minard, 1979,
p. D9-D13). Owens and Minard (1979, p. DiI8) assigned a Miocene age to the
Bridgeton Formation,

The informally-named "Trenton gravel" (Wisconsin deposits of Greenman and
others, 1961, p. 24) crops out in a 4-mile-wide band southeast of the Fall
Line (Owens and Minard, 1979, p. D40). The "Trenton gravel" has been infor-
mally subdivided by Owens and Minard (1979, p. D28) into the Spring Lake beds
and the Van Sciver Lake beds. 1In Philadelphia, the Spring Lake beds are up to
45 feet thick and consist of silt-clay, sand, and gravel (Owens and Minard,
1979, p. D34-D35). Owens and Minard (1979, p. D46) assigned an early Sangamon
age to the Spring Lake beds. In Philadelphia, the Van Sciver Lake beds are up
to 55 feet thick and consist of silt-clay and sand (Owens and Minard, 1979, p.
D34-D35). The Van Sciver Lake beds are considered to be late Sangamon in age
based on palnologic studies and radiocarbon dating (Owen and Minard, 1979, p.
D42). Owens and Minard (1979, p. D34-D35) present geologic sections of these
deposits in Philadelphia.

Holocene sediments consisting of silt and fine sand underlie the channels
and tidal flats of the Delaware River and its principal tributaries. These
sediments are as much as 78 feet thick in parts of south Philadelphia near the
Delaware and Schuylkill Rivers, but, elsewhere, the thickness rarely exceeds
28 feet and is typically less than 10 feet (Greenman and others, 1961, p. 48).

HYDROLOGY

Predevelopment Ground-Water Flow System

Before the development of ground-water supplies around 1900, the main
source of recharge was precipitation on the high—altitude outcrop areas of the
permeable beds east of Trenton, New Jersey. Regional ground-water flow was
from this area toward the Delaware River, where the water was discharged (fig.
5). A complete description of this theoretical predevelopment flow pattern
and the assumptions on which it is based is given by Barksdale and others
(1958, p. 108-112). This theoretical predevelopment flow pattern has been
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accepted by Greenman and others (1961, p. 51), Parker and others (1964, p.
53), and Rush (1968, p. 33). The same flow pattern was reproduced by Back
(1966, p. AlO) with an electric analog model and by Luzier (1980, p. 45) with
a digital model.

The Potomac-Raritan-Magothy aquifer system also was recharged in topo-
graphically high areas in downdip parts of the New Jersey Coastal Plain. 1In
these areas, the prepumping potentiometric surface of each aquifer was higher
than that of the aquifer below, causing downward movement of ground water
through confining units (Farlekas and others, 1976, p. 26). Ground water
discharged to the Delaware River where vertical flow was upward through con-
fining units.

EXPLANATION

AZ] Qutcrop of
cretaceous

sediments
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o] Interface between
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]
Figure 5.--Theoretical flow pattern in the Potomac-Raritan-Magothy aquifer system
before the development of ground-water supplies.
(After Barksdale and others, 1958, figure 18)
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The water—table system was recharged by precipitation on local outcrop
areas and by upward leakage of water through underlying confining units and
around confining units where they pinch out. Flow was local with discharge to
nearby streams.

Pogt-Development Ground-Water Flow System

The development of the Coastal Plain aquifers for ground-water supplies
has greatly altered the natural ground-water flow system. Pumping of large
quantities of ground water has reversed head gradients in both the water—-table
and confined aquifers in the vicinity of the Delaware and Schuylkill Rivers.
Reversal of head gradients has induced recharge from the Delaware and
Schuylkill Rivers into the water-table aquifer. Evidence for induced recharge
has been documented by Barksdale and others (1958, p. 106~108 and p. 115-123)
and by Greenman and others (1961, p. 76-81).

Water levels in the water-table—aquifer system near the Delaware and
Schuylkill Rivers in south Philadelphia are below river altitude (Paulachok
and Wood, 1984). Flow in this area is from the Delaware and Schuylkill Rivers
into the water-table aquifer. Heads in the lower sand unit are lower than
those in the water-table aquifer (Paulachok, G. N., U.S. Geological Survey,
oral commun., 1982). Downward leakage occurs through the confining unit into
the lower sand unit. The head gradient in the lower sand unit is toward
pumping centers in Camden and Gloucester Counties in New Jersey. As a con-
sequence of ground-water development, the flow in south Philadelphia is from
the Delaware and Schuylkill Rivers into the water-table aquifer, downward
through the confining unit, and into the lower sand unit. Water in the lower
sand unit flows downgradient beneath the Delaware River toward New Jersey.

Another source of recharge is leakage from the water distribution and
sewer systems in Philadelphia. Most breaks in the water distribution system
quickly become evident and are repaired. Many small leaks and probably some
large leaks remain undetected. The sewer system in south Philadelphia is old.
Where the sewer lines lie above the water table, considerable quantities of
liquid sewage may be leaking to the subsurface.

The sources of recharge to the lower sand unit in Philadelphia after the
development of ground-water supplies are: (1) precipitation on the outcrop
area, (2) induced infiltration from the Delaware and Schuylkill Rivers, (3)
downward leakage through confining units in downdip areas, and (4) leakage
from water distribution and sewer systems.

Ground-Water Withdrawals

Ground-water withdrawals from the lower sand unit in Philadelphia began
around 1904 and peaked at 19 Mgal/d (million gallons per day) in 1949 (fig. 6).
The U.S. Naval Base, formerly the largest user of ground water in Philadelphia,
began to develop a ground-water supply in 1941; peak pumpage was 5.7 Mgal/d in
1943, Naval Base wells were abandoned by 1966 because of degraded water
quality. Withdrawal from the lower sand unit in 1980 was 2.6 Mgal/d and was
chiefly for industrial and commercial use. The City of Philadelphia obtains
water for public supply from the Delaware and Schuylkill Rivers.
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Figure 6.--Estimated withdrawals from the lower sand unit in the
modeled area, 1904-80.

Ground-water-withdrawal data shown in figure 6 for Philadelphia are
estimated. Because well owners rarely kept records on ground-water usage,
early (1904-40) pumpage data generally are not available; however, dates when
wells were abandoned generally are available. Pumpage was estimated based on
later water-use data, pump capacity or well yield, and the length of time
wells were known to have been pumped. Nearly complete pumpage data are
available for wells at the U.S. Naval Base for 1941-53, Graham and Kammerer
(1952, p. 125-129) give monthly withdrawals for each well for 1941-50.
Industrial ground-water use surveys conducted in 1942, 1945, 1947, and 1953
also were used to estimate pumpage. Records of combined pumpage by Publicker
Industries, Inc., from both the lower sand unit and the water—~table aquifer,
are available for 1961-80. Additionally, limited ground-water—use data are
available for 1964, 1973, and 1977.

Ground-water withdrawals from the lower aquifer of the Potomac-Raritan-—-
Magothy aquifer system in Camden County, New Jersey, began in 1922 (Thompson,
1932, p. 9). The peak pumpage in the modeled area in New Jersey was 28.7
Mgal/d in 1971. 1In 1980, pumpage was 20.9 Mgal/d. Early ground-water devel-
opment was centered in the City of Camden. The increase in pumpage in New
Jersey paralleled that in Pennsylvania until the 1940's. Suburban development
expanded southeastward from Camden in the 1950's and 1960's, and many new
public-supply wells were drilled. Most ground-water withdrawals in New Jersey
are for public supply. Pumpage data for 1922-27 are given by Thompson (1932,
p. 13). Pumpage data for some wells for 1925-55 and all major production
wells for 1956-80 in Camden and Gloucester Counties were provided by 0. S.
Zapecza (U.S. Geological Survey, written commun., 1981). Pumpage data from
other wells for 1928-55 were estimated based on data given by Thompson (1932),
Farlekas and others (1976), later pumpage data, and well yields.
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DESCRIPTION OF MODELED HYDROGEOLOGIC UNITS

Lower Confining Unit

The lower confining unit in Philadelphia consists of pre-Cretaceous bed-
rock or, where present, the layer of residual clay formed from the bedrock
(fig. 7). The bedrock is considered to be impermeable relative to the
overlying sediments. 1In New Jersey, the lower confining unit consists of
pre-Cretaceous bedrock, the residual clay layer where present, or a clay layer
that is locally present between the bedrock and the lowermost sands of the
Potomac-Raritan-Magothy aquifer system. The geologic log for Camden City
Water Works test well 1 (Donsky, 1963, p. 27) shows 23 feet of residual clay
and 34 of hard clay between the bedrock and the lowermost sand.
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Y co0 LOWER CONFINING UNIT hydrogeologic units.

Lower Sand Unit

The lower sand unit, also referred to as the modeled aquifer, 1s the
hydrogeologic unit consisting of sand, gravel, and thin lenses of clay
underlain by the lower confining unit. Updip, where it commonly is uncon-
fined, the modeled aquifer consists of the lower sand unit and the overlying
deposits in areas where no intervening confining unit is present. Downdip,
where it is confined, the modeled aquifer consists of the lower sand unit in
Philadelphia and the lowermost sand unit of the Potomac-Raritan-Magothy
aquifer system in New Jersey. The lowermost sand unit generally is the lower
aquifer of Farlekas and others (1976, p. 22) in Camden County and the lower
part of the lower water-bearing zone of Hardt and Hilton (1969, p. 11) in
Gloucester County.

The hydraulic continuity between the lower sand unit in Philadelphia and

the lower aquifer of the Potomac-Raritan-Magothy aquifer system in Camden
County, New Jersey, has been established using aquifer tests and water-level
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data. Heavy pumping on either side of the Delaware River in the south
Philadelphia area affects water levels on the other side (Graham and Kammerer,
1952, p. 5). The geologic continuity between the lower sand unit in
Philadelphia and the lowermost sand of the Potomac-Raritan-Magothy aquifer
system in New Jersey was established by Graham and Kammerer (1952, p. 35)
based on geological well logs (fig. 8).

Upper Confining Unit

In Philadelphia, the upper confining unit consists of the lower clay
unit; the lower clay unit and the middle clay unit where the middle sand unit
is absent; and the lower clay unit, middle sand unit, and middle clay unit
where the middle sand unit 1s present. In New Jersey, the upper confining
unit consists of the clay layer overlying the lower aquifer of the
Potomac—-Raritan-Magothy aquifer system.

In most of the modeled area, the Delaware and Schuylkill Rivers are above
the upper confining unit. In some places, a ship channel has been dredged
into or through the upper confining unit (U.S. Army Corps of Engineers, 1975).
Where part of the upper confining unit has been removed by dredging, its
thickness has been reduced at those nodes. Where the upper confining unit has
been removed by dredging and the river and the modeled aquifer are in direct
contact, a constant head of zero (mean sea level) was assigned to those nodes.
Dredging of the ship channel has removed the upper confining unit at two nodes
in the Delaware River and at 11 nodes in the Schuylkill River (fig. 9).

SIMULATION OF GROUND-WATER FLOW IN THE LOWER SAND UNIT

Ground-water flow in the lower sand unit was simulated with the computer
program developed by Trescott and others (1976) for two-dimensional flow using
finite-difference approximations. The strongly implicit procedure (SIP)
numerical solution technique was used to solve the finite-difference
equation of ground-water flow. Modifications made to the program are
discussed in following sections. The lower sand unit was simulated as a com—
bined confined and water—table aquifer. It was simulated as confined downdip
where the upper confining unit is present, and as water table in the outcrop
area where the upper confining unit is absent. Water—table conditions were
also simulated when the head in a cell in the confined part of the aquifer was
below the top of the aquifer.

A 133-mi2 area was modeled. The area was divided into a rectangular grid
of 28 rows and 37 columns of variable sized cells (fig. 9). The computer
program requires the entire modeled area to be surrounded by a no-flow bound-
ary (Trescott and others, 1976, p. 30); these cells are not shown on figure
9. Cells in the fine-grid area in south Philadelphia are 1,000 feet on each
side or 0.036 mi2 in area. Cell size increases away from the fine-grid area.
Each cell is represented by a node at its center. Physical and hydraulic
parameters are averaged over the area represented by the cell and assigned to
the corresponding node.
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